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INTRODUCTION 
The emamtions from radioactive atoms have long been recognized 
as a source of energy (l), but until recent times there has been lit­
tle serious effort put forth to use radiation this way. The beginning 
of the Systems for Nuclear Auxiliary Power (SNAP) program in 1955 
and its subsequent efforts no doubt have had the greatest single 
effect toward increasing activity in the use of isotopes for thermal 
power (2). A search of the literature and the number of related re­
ferences gives a good indication of the increasing activity. Prior 
to i960 there are very few articles of consequence with the number 
increasing at a rapidly increasing rate since then. Based on the 
projected rate of accuimilation of waste fission products, the thermal 
power available from radioisotopes has increased from about 50 kw/yr 
in 1963 to 221 kw estimated for 1966 to 1200 kw projected for 1970. 
The increased demand for isotopes is sufficiently great that the AEG 
production activity has recently taken steps to meet the challenge (3 ) .  
In general there have been two major categories of radioisotopes 
considered for thermal applications: the beta-emitting fission 
products which have been separated and the most energetic of the alpha 
particle emitters. Gross or mixed fission products have been dismis­
sed because of low power densities (watts/cc) and shielding difficul­
ties. Until the past year or two only a few beta emitters and a few 
alpha emitters have appeared economical (4). However, several iso­
topes such as T1 - 204 and Tm - 170 have advantages great enough to 
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Table 1. Isotopic power sources 
Beta emitters Alpha emitters 
Sr - 90 Pu - 238 
Cs - 137 Cm — 244 
Ce — 144 •Cm — 242 
Pm - 147- Po - 210 
warrant further study of the separation processes and the Battelle -
Northwest Laboratories are presently spending considerable effort on 
improved processing. They feel there is real promise for isotopic 
heat sources (4, 5, 6, 7, Ô, 9)» 
Work on converting liquid radioactive wastes to solids by calci­
nation has been increased. It is reasonable to expect that such me­
thods will be coinraon in the near future and that calcined mixed fis­
sion products with densities of 1.0 - 3.0 g/cc and with power densi­
ties in the vicinity of 0.20 watts/cc produced from 10,000 Mwd/tonne 
reactor fuels will be available (10, U). This thesis is concerned 
with the preliminary design of a heater to make use of this form of 
fission products, 
literature Review 
One of the more closely related references is the feasibility 
study of a radioisotopic power source for remote area heating which 
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was done by Chance - Vought Corporation in 1962 (12). They investigated 
the technical and economic feasibility of units of 50,000 and 300,000 
Btu/hr with a life of 10 years. Consideration was given to energy sources, 
thermodynamic cycles, design concepts, safety, and economics, Sr -
90 was chosen as the fuel for their study because of its long life, 
availability and small shielding requirements. The 3*9 megacuries 
(50,000 Btu/hr model) of Sr - 90 titanate was to be vibration packed 
into a Hastelloy C cylinder to form the fuel element. The fuel ele­
ment was surrounded by a close fitting depleted uranium shield which 
was clad on the outside with an extended aluminum, finned surface, 
Sinplicity of manufacture was of considerable concern throughout the 
design. Two operation cycles were considered. One used air and the 
other boiling water; in either case they were designed to be cooled by 
natural circulation should a power failure occur. The following sum­
mary of the specifications will assist in forming a mental picture of 
the proposed device. 
Table 2. Suiraiiary of design specifications for strontium titinate heater 
of reference (12) 
Output Life Pgel Shield Weight of heater 
thickness 
Sr^OriNO^ Volume Weight uranium 
Btu/hr yr megacuries ft3 lb in, lb 
50,000 10 3.866 0,683 213 4.67 4,350 
300,000 10 23.2 4.10 1278 4.72 10,900 
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The safety analysis for this design consisted of radiobiological 
considerations and the hazard aspects of fabrication, transportation, 
and operation. The shield design vras based on Interstate Commerce 
Commission regulations, parts 71 through 78 of Title 49, Code of Federal 
Regulations, which specifies an allowable gamma dose of 200 mr/hr at 
any accessible surface and 10 mr/hr at one meter. This shield was 
designed to serve as the shipping container for the unit. Once the 
fuel was loaded into the unit it was required that it have auxiliary 
power for operation of the cooling fans or punçjs. Emergency operation 
was defined as the condition when auxiliary power was not available. 
It was calculated that the temperature at the center of the fuel, at 
the outside of the fuel, and at the outside of the shield would be 
1972°F, 930°F and 388OF respectively for indefinite emergency opera­
tion with the air cycle. Cooling in this case was provided by natural 
convection chimney effect. The maximum credible incident was proposed 
as a blocked coolant flow or exposure to a fire, either of which might 
cause a melt down and result in dose rates on the order of 200,000 R/hr, 
Based on their assumptions they calculated the loss of coolant would 
not cause a melt down of the shield for 24 hr after the loss occurred. 
Based on the standard fire criterion of a tenqperature of 1750°F for 
one hour and with the fan inoperable the shield would not melt and would 
revert to emergency operation if there was no blockage of the coolant 
passage. As a most serious condition they proposed an incident where 
10,000 gallons of gasoline, as in a tank car, mi^t surround the unit 
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and bum. With aluminum fins, the shield would be lost, however, they 
postulated that stainless steel fins could make the unit nearly fireproof. 
The economic analysis was based on breaking even with system costs 
for equivalent output, oil-fired heating systems in a remote arctic 
area. By using two 50,000 Btu/hr systems and proper source combinations 
for a total life of 55 years, the allowable cost of the Sr - 90 was 
reduced to $65.00 per kilocurie. At the time of the study, Sr - 90 
was available at #5.00 per curie and presently it is available for 
#0.20 per curie in large quantities (13). It is obvious that radioiso­
tope costs have been substantially reduced and it is reasonable to 
expect further reduction. 
The important conclusions of this feasibility study are 
1. The nuclide heat concept is technically feasible, 
2. The nuclide heat concept will be economical in remote areas 
when radioisotopes are available at approximately $0,0? per curie, 
3. The system can be built and operated safely under existing 
regulations for handling radioisotopes. 
4» The air cycle concept is the most promising vrfien design, 
operation, safety, and reliability are considered. 
In addition, the waste management aspect of isotopic heaters can not 
be ignored and may make these heaters economically desirable, especi­
ally to governmental departments. 
Chance - Vought Corporation has also done work on using isotopes 
as a source of heat for distilling sea water (14). This study consisted 
of three main parts. 
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1. An economic feasibility study in >rtiich they conclude the 
most economical source appears to be calcined fission products 
which, for special conditions, is conpetitive with conventional 
fuels, 
2. A conceptual design including conçatability, thermodynamics, 
nuclear, and material aspects of a one million gallon per day 
plant, 
3. %e design of a laboratory test model using one megacurie of 
Ce - 3MU and multistage flash evaporation to produce 250 gallons 
of water per day. 
The primary differences in costs associated with a design using 
radioisotopes result from source preparation and handling, shipping 
casks, and transportation. Since there was relatively little experi­
ence in preparing and using megacurie quantities, extrapolations of 
the existing technology were used. The distance from the nearest 
fuel processing plant was a deciding factor and for a given set of 
conditions (400 days decay time, 2,000 day use cycle) a distance of 
about 600 miles became a break-even point with conventional steam 
plants. The cost of the fuel varied from $0,55 to $0,95 per million 
Btu depending on the distance. This compared favorably with gasoline, 
kerosine, and fuel oil and means that converted saline water in the 
continental U, S, would cost from $0.70 to $0.85 per 1,000 gallons. 
In comparison, the national average cost of water from public utilities 
(domestic and commercial) is $0.32 per 1,000 gallons,. 
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The technical feasibility of using radioisotopes for desalting 
•water was investigated by first determining what a large scale plant 
might look like and trying to predict what its operation would be. 
After this step, a laboratory test model to prove the principles was 
constructed. Thermodynamic and heat transfer studies were conducted 
on various fuel configurations. Some of the assumptions concerned 
with the source material are given in Table 3. Calculations and test 
Table 3* Typical calcined fission product data for reference (14) 
Item Calcined gross Sintered calcined 
fission products gross fission 
products 
Reacter burnup MW days/tonne U 10,000 10,000 
Waste recovery system Pur ex Pur ex 
Volume recovered gallons/tonne U 10 10 
Decay time days 300 300 
Thermal conductivity Btu/hr/ft/OF 0.4 — 0.6 0.4 — 0.6 
Maximum design operating temperature 
OF 
1,800 1,800 
Density grams/cm^ 1.32 3.7 
Specific activity curies/in.^ 312 875 
Specific power watts/in.3 2.15 6.0 
data showed that the maximum diameter for a fuel element producing 
steam is between 7 and 8 inches while that for a gas (air) heater is 
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about 4 inches. Two heater systems were considered: a direct heater 
where salt water was in contact with the heater and an indirect system 
which used a closed primary heater loop. The indirect system had con­
siderable advantage from a hazards point of view. 
In summary, there is considerable work being done on small thermo­
electric generators with high power density, small size, and small 
weight, viz«, the SNAP devices. On the other hand, studies and models 
are under way for desalting water or providing remote areas with heat 
utilizing large isotopic heat sources. Both of these extremes are 
designed to use separated isotopes as the source of heat. In addition, 
another part of the technology shows considerable work is under way 
to reduce the waste fission product storage problem by use of calcined 
fission products, 
A number of references have been reviewed which bear in some way 
on this particular design. These will be cited as they are used through­
out the thesis. 
Objective 
The work presented and discussed in this thesis is concerned with 
the design of a safe, long-lived device which uses the decay energy 
of unseparated, calcined radioactive fission products for heating a 
fluid such as air. The heater is designed to produce 25,000 Btu/hr 
at temperatures up to 300°F for a design lifetime of 30 years. 
Insofar as possible, technology which is in an advanced state of 
development or is well known is used. Certain of the data upon which 
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the design is based are quite likely to undergo revision and proof-
of-principle experiments will undoubtedly be required before an experi­
mental model is built. However, the primary factor in deciding the 
future for such a heater is the availability of heat source material. 
The motivation for this work is two-fold. The first is the cur­
rent search for dependable heat or power sources which are independent 
of logistics problems. The second factor is the currently increasing 
rate of waste product production from nuclear reactors for which sto­
rage is becoming a great problem. The radiations from these stored 
fission products represent a large quantity of wasted energy. The 
desire to adapt radioisotopes to another useful application and there­
by promote the increase of peaceful uses of nuclear energy is also a 
motivation. 
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RADIOACTIVE WASTE SOURCES 
The choice of using unseparated fission products as the radioac­
tive source material for this heater design still leaves a number of 
decisions to be made. For instance, will the material be partially 
purified and as such be mixed fission products (iffiP) or will it be 
used as gross fission products (GFP)? Once that decision is made the 
questions of physical form and period of decay before use are left. 
Even at this point the characteristics of the source material depend 
on such things as: 
1. The specific power of the reactor the fuel elements came 
from. 
2. The burnup and the time in the reactor, 
3» The recovery process used, 
A look at the work being done in radioactive waste processing shows 
that one of the more promising forms for the waste is calcined fission 
products. Some of the properties of these materials are known or are 
estimated by those working on the processing, Eaton (15, pp. 29 - 32) 
suggests that reactor fuels with burnups of 10,000 MW days/tonne at 
a power level of 33 MW/tonne will produce calcined oxides with acti­
vities of about 180,000 curies/pound or about 396,000 curies/kilogram. 
Table 4 shows a number of MFP calcined wastes and some of their physi­
cal properties. 
Some properties can be controlled to a great extent, e,g., the 
value of the conductivity, k, can be changed appreciably by dilution 
Table 4. Physical properties of mixed fission product calcined wastes 
Process description Calcination 
tenç) OC 
Melting point 
OQ 
Density 
g/cm3 
Conductivity 
Btu/hr/ft/oF 
Particle size mesh 
ICPP fluidized bed 
aluminum type waste 
400-500 1800 0.6-0.9 O.O8-O.3O -28 + 35 31% 
-35 + 60 58 
-60 +100 5 
HW fluidized bed 
Purex IWW 
800-1000 1.1-1.3 0.08-0.15 -20 + 100 80^  
-100 5 
HW Spray calcination 
A. Pur ex 
B. TBP - 25 
G, (b) melted 
850 
655 
800-1000 
800 
800 
0.8-0.9 
0.1 
2.2 
0.05-0.13 
0.03 
Avg. 25 microns 
Dense glass P 
ORNL pot calcined 
Purex IWW 
900 800-1000 1.0-3.0 0.2-2.4 Solid cake, variable 
consistency 
HW pot calcined 
Purex IWW 
850-900 800-1000 2.0-3.0 0.18-0.65 Solid cake, variable 
consistency 
I 
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or by the addition of finely divided metal to the oxide mixture (14> 16). 
As one can see there is a great deal of variation in the properties 
and a choice of the best one at this time is probably not possible. 
Reference to Figure 1 (ll, p. $8) shows that after a decay period 
of about two years the ICPP wastes are almost entirely composed of 
the five isotopes listed in Table 5* 
Cooling time (yr) 
Figure 1, Specific activity of ICPP calcined wastes 
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Table $. Calcined waste conpositlon, two years decay 
Isotope Specific activity Composition 
curies/kg % 
Ce 
- 144 160.0 49.5 
Pm - 147 96.0 29.7 
Cs - 137 27.2 8.4 
Sr - 90 23.1 7.1 
Ru - 106 17.1 5.3 
Total 323.4 
The lower band of figure 2 (U, 15) shows the power densities 
for present technology with MTR type fuel elements and fluidized-bed 
calcination while the upper region is for projected "pot" calcination 
wastes. 
It appears that HW pot calcinated Purex IWW wastes might be the 
most reasonable prospect for an energy source to be used in a fission 
product heater built in the immediate future (1968 - 1970). 
There are other obvious advantages to the pot calcined wastes. 
Present calcination technology puts the material directly into cylin­
drical containers made of pipe. These containers are then sealed and 
stored (lO, pp. 2 - U)» Other than the added exjiense of using a smal­
ler container there seems to be little reason why such storage tubes 
could not be used directly in a device such as the fission-product 
heater. A second advantage is the stable fonn the product is in after 
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Figure 2. Power densities of mixed fission products (MFP) as a func­
tion of time. 
calcination. However, the degree of radiation stability is unknown 
and some believe the residual nitrates may decompose to nitrogen and 
oxygen when operation takes the temperature near the calcination 
temperature. They also suggest the possibility of "getter" materials 
incorporated in the source to absorb the products of such decomposi­
tion (15, p. 27). 
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As a base for the design calculations the data in Table 6 are 
selected as representative of present or near-future technology. 
Table 6. Source data for the fission product heater 
Source material HW Pot calcinated (Solid Cake) Purex IWW 
wastes from 10,000 MW days/tonne fuel 
Density 2.4 grams/cubic centimeter 
Specific weight 150 pounds/cubic foot 
Specific activity 180,000 curies/pound 
By extrapolation of Figure 2 to 30 years, the design lifetime, the 
power density is found to be about 0.15 watts/cm^ whereas at the be­
ginning (2 year decay time) the value is about 0.6 - 0.7 watts/cm-^. 
If the heater is to produce no less than 7500 watts (nominal 10 horse­
power) throughout its life, the volume of the fuel can be estimated. 
With 100^ energy removal, the volume of the fuel at the end of the 
cycle will be 
im 
Volume •= 0.15 = 50,000 cm:^ 
«= 1.767 ft3 or 3,052 in.3 
and its weight will be 
Weight = (150) (1.767) = 265 lb 
16 
At the beginning of the heaters life it will produce 
Power = (50,000) (0.6) = 30,000 watts. 
The activity when the source is new will be 
Activity = (I.8 X 10^) (265) = 47*7 megacuries (Mc) 
or about 15,620 curies/in.^. This is in approximate agreement with 
the source proposed by Chance - Vought Corporation (12, pp. 69 - 70). 
They used 4 Mc of Sr - 90 TiNO^ which has a power density of about 
1.0 watts/cm). 
If the source is assumed to be made up of the five sources listed 
in the proportions shown, an idea of how much of the energy is due 
to beta particle emission and how much is due to gamma ray emission 
can be obtained. References (l?) and (l8) provide data from which 
one can determine the power per kilocurie (Kc) due to beta particles 
and gamma rays for each isotope. Table 7 itemizes the data. The 
available gamma energy is about 9*4^ of the total energy. If one 
includes Bremsstrahlung from beta particle interactions, the total 
photon energy is of the order of 10^, Reference (17) suggests that 
the Bremsstrahlung is small (about 0,16# of the beta energy for I.5 
mev beta particles) for such sources. 
Probably a better approach to evaluating the photon energy of 
the source is to make use of fission product data available in refer­
ence (19). Use of these data requires a few more assumptions concerning 
power reactor operation since the waste depends on the fuel processed. 
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Table 7. Selected fission products and their properties 
Isotope Compo- Specific Beta particles Gamma rays 
sition activity 
% Kc/in.^  vfatts/Kc watts/in.^  watts/Kc vfatts/in.3 
Ce — 144 
series 49.5 7.73 7.72 59.70 0.38 2.94 
Pm - 147 29.7 4.64 0.38 1.76 
Cs - 137 8.4 1.31 1.60 2.10 3.20 4.20 
Sr - 90 7.1 1.11 6.60 7.32 ——— ———— 
Ru - 106 5.3 0.83 8.65 7.16 1.20 0.99 
Total 78.04 8.13 
For the purposes of this design the following values will be taken 
as representative of near-future power reactor operation: 
1. Reactor operating flux, 0 = 3 X 10^3 neutrons/cm^-sec 
2. Reactor fuel enrichment <= 2/S 
3. Fuel irradiation time «= 3 X 10*^ sec (about 1 year) 
4. Fuel burnup = 10,000 MliT days/tonne. 
Reference (17, pp. 2 - U) indicates that 58 - 24 inch diameter 
tubes, 10 feet in length were filled with calcined Purex wastes per 
1500 tonnes of uranium processed. This results in 3.05 gallons of 
calcined waste per tonne of uranium. The number of U - 235 atoms 
in the fuel, from which these wastes came, can be calculated. 
Density = 2.4 g/cm? 
Source weight «= 265 lb 
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Gallons of waste = 13.21 gal 
Tonnes of uranium «= 13.21/3.05 = 4.34 tonne 
Weight of U - 235 = (4.34) (lOOO) (0.02) = 86.8 kg 
Number of U - 235 atoms = (86.8) ( 10^) (0,6023 X 10^)/235 
= 22.15 X 10^  ^atoms. 
Table 8 gives the gamma ray data for four different initial decay 
periods. These data were determined using the preceding calculation 
and values given by reference (l9). The values will be used through­
out the calculations for shielding and gamma ray heating. 
The total energy of the gamma radiation is about 6.9^ of the total 
for 2-year decay while it decreases to 3.2^ after 30 years of decay. 
Comparing with the previous estimate of 10^, it appears that the pre­
viously assumed composition is probably not quite correct. It is for­
tunate, however, that a relatively short decay time (2 years) signifi­
cantly reduces the gamma problem and the source becomes ^Qffo (or more) 
beta emitter. 
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Table 8. Fission product gamma ray data from (19) 
Decay period Gamma Energy of Effective Gamma d/sec Gamma 
group group energy per U - 235 atom energy rate 
sec mev mev mev/sec 
3 X lo7 I 0.00-0.25 0.125 1.1 X 10-10 3.04 X 1015 
(l yr) n 0.25-1.00 0.67 2.8 X 10-10 4.15 X lol^ 
III 1.0 -1.7 1.6 2.9 X 10-12 1.03 X 1015 
I? 1.7 -up 2.4 1.7 X 10-12 9.03 X 1014 
6 X lo7 I 0.00-0.25 0.125 3.4 X lo-n 9.40 X 1014 
(2 yr) II 0.25-1.0 0.67 7.5 X 10-11 1.11 X lol^  
III 1.0 -1.7 1.6 1.6 X 10-12 5.65 X 1014 
IV 1.7 -up 2.4 8.2 X 10-13 4.35 X 10^  
1 X 10® I 0.00-0.25 0.125 1.9 X lo-n 5.12 X 1014 
(3 yr) II 0.25-1.0 0.67 2.7 X lO-H 4.00 X 1015 
III 1.0 -1.7 1.6 1.1 X 10-12 3.90 X 10^  ^
IV 1.7 -up 2.4 4.1 X 10-13 2.18 X 10^  
1 X 10^  I 0.00-0.25 0.125 4.6 X 10"^  1.27 X 1012 
(30 yr) II 0.25-1.0 0.67 9.8 X 10-12 1.46 X 1015 
ni 1.0 -1.7 1.6 6.0 X 10-1^  2.12 X 1013 
IV 1.7 -up 2.4 10-16 or less 5.30 X IQI® 
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. HEATER DESIGN 
There are many combinations of dimensions which would make a 
workable design. It seems likely that there is one, or at most a 
few, combinations which make a best design depending on how one defines 
best, A number of possibilities are to be investigated in this thesis; 
however, more information about the geometry and the materials to be 
used is required before the design calculations can proceed. Little 
conscious effort will be made to specify in detail the hardware re­
quired to build such a heater. 
Geometry 
The technology is being developed for calcinating fission pro­
ducts into cylindrical containers which are then sealed for waste dis­
posal. Also, there are certain manufacturing advantages to cylindri­
cal shapes. For these reasons the general shape of the heater was 
selected as a right circular cylinder with the source material contained 
within sealed tubes. These tubes will, in turn, be spaced within the 
heater. The source tubes are to be standard sized tubes (see Table 9) 
up to a maximum diameter of 4 inches as suggested in reference (14, 
p. 119), Each tube is to be provided with an annular coolant channel 
through which air will pass. The coolant channel will also provide 
the guide to maintain the source tubes in an upright position, 
A convenient symmetric arrangement for the source tubes is a 
hexagonal array. The tubes will be supported from the bottom and 
will be free to expand axially and radially. 
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Table 9# Source tube specifications and data 
Nominal 
OD 
in. 
Inside 
radius 
in. 
Wall 
thickness 
in. 
Volume 
per ft 
in.3/ft 
Number of 
3 ft 
lengths 
Total rod 
length 
cm 
Number of 
source 
rods 
1 3/8 0.532 0.156 10.669 95.90 8770 96 
1 1/2 0.594 0.156 13.301 76.90 7140 78 
1 7/8 0.782 0.156 24.749 41.35 4400 48 
2 1/4 0.906 0.219 30.944 33.07 3300 36 
2 1/2 1.031 0.219 40.071 25.54 3300 36 
2 3/4 1.156 0.219 50.377 20.31 2200 24 
3 1.281 0.219 61.861 16.54 1650 18 
3 1/4 1.375 0.250 71.273 14.36 1650 18 
3 1/2 1.500 0.250 84.821 12.06 1190 13 
3 3/4 1.625 0.250 99.546 10.28 1100 12 
4 1.750 0.250 115.45 8.86 1100 12 
4 1/4 1.875 0.250 132.53 7.72 1100 12 
4 1/2 2.000 0.250 150.79 6.79 640 7 
The shielding material is to be arranged in a cylindrical shape 
and will form the basic supporting structure as well as the trans­
portation cask for the source material. The ends of the cylinder 
will be shielded by positioning end slabs of a configuration which 
will allow coolant to enter and leave the heater. Figures 3 and k 
show cross sectional views of the arrangement and give the nomenclature 
that will be used throughout the calculations. 
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SOUR ce 
COOLANT 
CHANNEL 
•SHIELD 
3* Cross section of fission—product heater 
COOLANT 
CHA NNEL 
SOURCE TUBE 
Figure 4, Cross section of source tube and coolant channel 
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Ifeterlals 
The requirements for the materials used in this design are not 
beyond the present technology and most could be readily fabricated. 
The conç)onents of concern are: 
1, Source tube material 3» Shield cladding 
2. Shield material 4* Coolant tube material 
Inasmuch as the calcined source material is an oxide and relatively 
inert, the prime consideration for the source tube material is resis­
tance to tenç)erature effects and corrosion for long periods of time. 
It would be quite unacceptable for the source tube to develop leaks 
through which radioactive material might escape. The material presently 
used for containers of calcined waste storage is schedule - 40 stain­
less steel pipe (20, p. 5, 17, pp. 12 - 13). Chance - Vought (l2, 
pp. 41-43) recommended Hastelloy C due to its very low corrosion 
rate. Cost of the material will be but a small fraction of the total 
cost and is not considered a significant factor. Hastelloy C also 
has good weldability and has a melting point of 2300°F compared to 
2600°F for stainless steel. Its corrosion rate in sea water is quoted 
as 0.000006 - 0.0001 inches per year while stainless steel is of the 
order of 0.001 inches per year. In addition stainless steel is sub­
ject to pitting and corrosion near the welds. 
The shield material must have the properties of high density, 
ease of fabrication in the geometry required, and a high melting point. 
Depleted uranium is well suited to meet these requirements. Blockage 
of the coolant channels or ducts for extended periods of time might 
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result in temperatures near its melting point. As pointed out in re­
ference (12, p. 104), proper cladding of the shield could make the 
heater practically fire proof since it would provide strength when 
the uranium softens near its melting point. The major disadvantage 
of uranium is its relatively high cost ($$.00 to $30.00 per pound 
for machine finished castings). The coolant tubes provide channels 
for the air flow along the tubes, positioning fixtures for the source 
tubes, and where they pierce the uranium shield they act as cladding 
for the shield. 
Since all of these parts are in contact, consideration must be 
given to the compatibility of the materials in the environment in 
which they will be exposed as well as to the other features of fabri­
cation. The following is a summary of the proposed materials used 
in this design. 
1. Source tube material Hastelloy C or stainless 
steel 
2. Shield material depleted uranium 
3. Shield cladding and coolant tubes stainless steel 
The pertinent properties are given in Table 10 and Figure 5» 
Biological Shielding 
The basic requirement of the shielding is that it attenuate the 
radiation so that the dose at the outside surface of the shield com­
plies with ICC regulations, viz., 200 mr/hr. This will allow using the 
shield as the transportation cask and will facilitate in installation at 
Table 10, Properties of the materials selected 
Property Hastelloy C (2l) 304 Stainless steel (22) Uranium (23) 
Density (ib/in.^) 0.323 (720F) 0.29 (70°F) 0.675 
Melting point 2300OF 2600°F 2070°F 
Weldability any method - oxy-ace-
tylene not recommended 
for corrosive service 
good inert gas techniques 
Machinability good - tungsten car­
bide bits recommended 
poor good 
Formability same as 300 series 
stainless steel 
very good good 
Thermal conductivity 
(Btu/hr/ft/°F) 
(see Figure 5) (see figure 5) 17.18 (1580F) 
Corrosion resistance very good for chlorides 
and most others 
high resistance to cor­
rosion by most materials 
poor 
Oxidation resistance 
in air 
good up to 2000°F good up to 1600°F continu­
ously 
poor 
Coefficient of expan­
sion (in,/in,-°F) 
6.3 X 10-6 (32 - 2120F) 
8.5 X 10-6 
(32 - 1800OF) 
9.6 X 10"6 (32 - 212°F) 
11.2 X lO-o (32 - 1800°F) 
variable - depends on 
fabrication - cas­
tings; 7,22 to 
8.33 X 10-6 
Tensile strength 121,000 psi (70°F) 
18,300 psi (2000°F) 
87,000 psi (70°F) 
5,500 psi (2000OF) 
56,000 psi (70°F) 
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Figure 5» Thermal conductivity for Hastelloy C and 304 stainless steel 
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the site. At the outset it must also be recognized that the shield 
is likely to account for nearly all the weight and a large share of 
the cost, therefore any reduction in size is important. 
An estimate of the shielding required can be obtained by assum­
ing a uniform volume distributed source shielded by a slab of uranium. 
Because of the large inside radius of the shield the curvature will 
have little effect and one-dimensional calculations are adequate. 
One of the conventional methods for dealing with a shielding problem 
such as this is to use the line source approximation and consider self-
shielding. The energy flux (Mev/sec/cm^) at the outer surface of the 
shield can be evaluated by using the method given in reference (24, 
pp. 144 - 150). The results shown in Figure 6 were obtained by using 
the fission product data for decay times of 1, 3, and 30 years from 
Table 3 and assuming the mass absorption coefficient, y!/^, for the 
source material to be the same as that for aluminum (their densities 
are nearly equal - ^fp = 2.4 gm/cm^ and = 2.7 gm/cra^). 
Table U gives the values used for mass absorption coefficients (24, 
p. 104). The çnergy flux which is equivalent to the permissible dose 
in this case is 
(0.2 rem/hr)(lOO erg/g-rad) 
0e2OOrar/hr = , 
(1.6 X 10" erg/mev)(0.02509 cm^/g^j^j.)(3600 sec/hr) 
= 1.384 X 10^ mev/cm^sec 
The required shield thickness is approximately 10 cm (4 inches). 
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Figure 6. Approximate shield requirements for GFP 
29 
Table 11, Mass absorption coefficents 
Gamma energy 
mev 
Mass absorption coef­
ficient for uranium 
cm~^ 
Mass absorption coef­
ficient for KP (Al) 
cm~^ 
0.125 62.40 0.405 
0.67 2.55 0.208 
1.67 1.02 0.130 
2.4 0.83 0.105 
With this as a starting point more accurate calculations can be 
made. Consider three source rod sizes filled with source material 
which has decayed three years. Figures 7, 8, and 9 show a sector of 
each of these examples drawn to scale and in Table 12 the data are 
presented. There are several points worth noting before evaluating 
the shield for these examples. On the basis of reducing the shield 
weight (therefore the cost) it is desirable to put the source in as 
large a tube as possible and space the tubes as closely as possible. 
The limitation to increasing the size of the source tube is imposed 
by the heat transfer characteristics of the calcined material. It 
seems desirable to keep the maximum temperature within the source below 
the melting point and possibly below the calcination temperature (l6). 
On the other hand further research may show that it is desirable and 
entirely safe to operate with molten source material. 
Inasmuch as the shielding calculations are long, the best design 
from the stand point of minimum shield weight will be considered. 
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Figure 8, Sixty degree sector of heater using 3 inch diameter source 
tubes 
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Table 12. Calculated data of Figures 7, 8, 9, and 10 
Figure Source 
tube 
O.D. 
inches 
Inside 
radius 
cm 
Source 
spac­
ing 
cm 
Shield 
thick 
t 
cm 
Shield 
thick. 
K 
cm 
Shield 
Ri  
cm 
Shield 
Ro 
cm 
Shield 
weight 
tons 
7 13/8  1.35 10.409 12.7 6.35 29.21 67.83 22.40 
8 3 3.26 16.115 12.7 6.35 29.21 49.81 9.71 
9 4 1/2 5.08 21.590 12.7 6.35 29.21 41.91 5.38 
10 (D) 4 1/2 5.08 17.020 12.7 0.00 25.50 38.20 4.82 
The example of Figure 10 (point D) is a case of maximum source size 
(within previous assuîiç>tions ) and minimum spacing. The results show 
a saving in shielding weight of over 10%. By considering each of the 
seven sources as independent volume distributed sources the energy-
flux at point D on the surface radially opposite a source is 3«46 X 10^ 
mev/cm^/sec. . The allowable value (for 200 mr/hr) is 1.384 X 10^ 
mev/cm^/sec. This calculation of the dose is considered to be on the 
safe side since attenuation other than that due to self absorption 
and the shield was ignored. However, these calculations assume that 
the buildup factor is 1.0. 
Further calculations for a thinner (point E - 2.5 inches) and 
a thicker (point F - 7.5 inches) shield were completed and the results 
are presented in Figure 11. The tabulated results with calculated 
values for these examples are in the Appendix. Also shown in Figure 11 
is the effect of including buildup factors. Reference to ANL - 5800 
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Figure 11. Photon energy-flux versus shield thickness 
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(25, p. 656) gives dose buildup factors for isotropic point sources. 
The group I (average energy = 0.125 mev) and group II (average energy = 
0.67 mev) calculations for the 2.5 - inch and the 5.0 - inch shield 
show that these photons form a very small fraction of the total dose 
(maximum of 0.1^). In addition the buildup factor is very low for 
these energies. As a result these two groups have little effect and 
need not be considered for the examples even when buildup factors 
are included. The conclusions in Table 13 were reached by studying 
the calculated data and the buildup factor tables. 
Table 13. Buildup factors 
Shield 
thickness 
inches 
Group Maximum number 
relaxation 
lengths y«t 
Buildup 
factor 
2.5 III 8.16 4.0 
IV 6.65 4.0 
5.0 ni 15.80 5.0 
IV 12.90 7.0 
7.5 • in 22.65 6.0 
IV 18.45 10.0 
The curve in Figure 11, which shows the offset of including the 
buildup factors, was obtained by using a factor of 4.0 for the 2.5 -
inch shield, a factor of 7.0 for the 5 - inch shield, and a factor 
of 10.0 for the 7*5 - inch shield. 
36 
The intersection of these two curves with the 200 mr/hr line 
gives the shield thickness required. The increase in shield weight 
considering the buildup factors is about one ton (4»4 - inch shield 
weighs about 4*17 tons and the 5 *3 - inch shield weighs about 5*17 
tons) or about a 21^ increase in weight due to the buildup factors. 
As a check on these calculations it is of interest to conpare 
the shield thickness required for a point source of 50,000,000 curies, 
considering exponential buildup factors. The calculation used a modi­
fied computer program prepared by Moser (26). The results are summarized 
in Table 14. Reference to Table 8 shows there are nearly 10 times 
Table 14. Uranium shield thickness for a 50 Mc point gamma source 
(surface dose = 200 mr/hr) 
Photon energy Shield thickness 
mev cm 
0.5 7.35 
1.0 16.88 
2.0 26.68 
3.0 30.97 
as many photons below 1.0 mev as above for fission products. On this 
basis it might be argued that the 1.0 mev energy is representative 
of the fission products emission. The point source would also be 
expected to produce a hi^er shield requirement since self-shielding 
! 
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and geometry factors are important. Conçiaring the 16.88 cm at 1.0 
mev to the 13«4 cm gained by the previous calculation provides an 
approximate check. 
The total weight of the shield for the heater mast include the 
end slabs as well. If the source region is treated as a cylindrical 
volume source 25*5 cm in radius, the shield thickness required can 
be determined by using the procedure of reference (24, p. 144) for a 
slab shield at one end. Two values of the energy flux were calculated 
with shield thicknesses of 2.5 inches and 5«0 inches (tabulated results 
are in Appendix). The results with a unity buildup factor and with 
a value of 4.0 and 7.0 for the two shields, as before, are represented 
on Figure 11 also. The intersection with the 200 mr/hr line occurs 
at about 5«55 inches. This value should also be on the safe side since 
it was assumed by the calculation that the source was in contact with 
the shield. If a 6 - inch space is left above and below the source 
tubes for coolant flow, the overall height of the shield is about 59*1 
inches and the O.D. is about 30.7 inches. The total weight is estimated 
to be 9«3 tons. The overall dimensions are shown in Figure 12. 
Heat Transfer and Fluid Flow 
The primary objective of this fission-product heater is to produce 
no less than 25,000 Btu/hr over a period of 30 years. This energy is 
to be transferred to air flowing past the source tubes. The nexb step 
in this design is to calculate the factors controlled by the heat transfer 
and coolant flow to be sure they fall within acceptable limits. 
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Figure 12. Overall dimensions of fission-product heater 
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! 
Since the melting point of the calcined material is approximately 
1000°C (1800°F), this temperature will be assumed as the limiting 
value. Reference to Glasstone and Sesonske (27, p. 358) provides the 
necessary heat transfer equations. If all of the energy is released 
within the source material and the conductivity, k, of the source 
material is equal to 0.5 Btu/hr/ft^/^F (see Table 4), the temperature 
at a point on the surface of the source material is 
Qr^ (32.35)(2.0)2(12) 
Ti = To - = 1800 - _ = 1024*7 
4k (4)(0.5) 
where and Tq are the ten^eratures at the indicated points of Figure 13, 
Referring to Figure 5 for the thermal conductivity value, kg, the tem­
perature drop across the Hastelloy C cladding is 
% = Ti -
Qr2\ 
2kc 
LnL 
1^2 \ 
(32.35)(2)(12) /2.250\ 
«= 1024 - In I 
(2)(9.29) 2.000 
9260F. 
If the air (coolant) enters at 70°F and leaves the heater at 300°F, 
the mass rate of flow of the coolant, W, will be about 
Qt (30)(3413) 
V/ = = = 1855 Ib/hr 
Cn (To - Ti) (0.24)(230) 
where Qj. is the total output of the heater and Cp is the specific 
heat of air at constant pressure. The- resulting Reynolds number 
(Npg) is 
40 
^OURC£ 
COOLANT C//A/JNSL 
POINT / 
PO/NT 2 
Data 
No. of tubes =7 r = 2.000 inches 
2 Annulus area = 17.3 in. r^ «= 2.250 
Source area «= 12.58 in.^ V2 = 3.250 
Source vol/tube = 452.5 in.^ 
Total heat transferred/tube •» 14,.620 Btu/hr 
Volume heat source, Q = 32.35 Btu/ln.^ 
Figure 13. Source and coolant channel for heat transfer and coolant 
flow calculations 
Al 
pVDg (0.0617}(32,000)(2.0) 
\e = J = —^ = 6450 
a2}(0.05l) 
where is the equivalent diameter of the annulus without fins and 
the density, ^  , and viscosity,^ , are evaluated at the mean tençjera-
tiire of 185°F, This Npg indicates the flow is in the laminar region 
or nearly so. By assuming the average coolant temperature is 300°F 
(a conservative assunçjtion), the required convective heat transfer 
coefficient, h, is found by solving the equation 
Qc^  
To - TV = 
^ ^ 2hri 
for h. Evaluation gives 
h = (32.35)(2)^(1AA) = 6.6 Btu/hr/fb^/op. 
(2}(2.25)(926 - 300) 
A heat transfer coefficient of 6.6 Btu/hr/ft2/°F is too high to expect 
from laminar flow as shown in the following calculations, Kreith 
(28, pp. 390 - 393) suggests that the Nusselt number can be 
calculated from 
\u = 4.36 + 
(O.Q36)(NrgNprD/L) 
1 + (O.OOllXW^rD/l,) 
He also gives a correction for ten^erature effects on properties of 
the material as 
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^nu(corr) ~ \u 
r 
where and Tg are the tençeratures of the bulk stream and the sur­
face, respectively. The value for n is given as 0.25 for a system 
heating a gas with a constant heat input and well-developed velocity 
profiles. Therefore, if 
Nj.g = 6450 and 
= 0.703 for air at 300°F, then 
= 11.46 and 
\u(oorr) = m = 8.92 
Evaluating the coolant properties at the mean temperature of 185°F, 
the thermal conductivity of the air, is equal to 0.0174 Btu/hr/fb/°F. 
Then 
V(corr) = bS gives 
k 
h - . 0.931 BWhr/ft2/°F. 
D 
It is obvious that laminar flow with this geometry is not satisfactory. 
There are at least three things which might be done to improve the heat 
transfer: 
1. increase the Reynolds number, 
2. install turbulence-promoters in the flow channel, or 
3. add fins to the source tubes. 
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The third possibility is the most inviting since the laminar flow con­
dition with its low system pressure drop will be maintained. Another 
reason for designing for laminar flow is that under emergency opera­
tion (no fans) the heater vn.ll be adequately cooled by natural con­
vection. If economy of punping power is to be of interest, smooth, 
longitudinal fins will probably give the best results (29, pp. 85 - 91). 
Obert and Young (30, p. discuss the time rate of heat trans­
fer by extended surfaces such as fins. Figure 14 gives the nomencla­
ture. 
Area, A 
perimeter of area, A 
source tube 
Figure 14. Finned tube nomenclature 
hh 
The heat transferred by an integral fin, Qj^, is 
Qf = kg A (T2 - Tm) a tanh (aL) 
where 
a^ = hb 
k^A 
if 
h = 1.0 Btu/hr/ftZ/o? Fin thickness = 0.1 inches 
L = 1.00 inch ^2 926 
b = 72.2 inches = 300 oP 
A = 3.6 inches^ k^, = 9«29 Btu/hr/ffc/°F 
The heat transferred per hour per fin is 355 Btu. The total heat to 
be transferred by the tube is 14,620 Btu/hr and the number of fins 
required is A.125. There are a number of approximations made to arrive 
at this number but it seems clear that relatively few fins on the 
tubes will make the design feasible. Calculations of heat transfer 
in the longitudinally finned coolant channels of the Windscale reactor, 
which were based on conçiaring the finned channel with a tube of the 
same effective diameter, predicted a heat transfer coefficient that 
was about 30^ low. This, however, was a case of turbulent flow with 
more closely spaced fins (29)• For ease of spacing, six fins per tube 
will be used in this design. 
A more refined calculation can now be made as a check on the pre­
vious calculations for an annulus. Figure 15 shows the source tube 
and coolant channel cross section drawn to scale. 
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Figure 15. Source tube and coolant channel cross section 
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If the spaces between the fins are assumed to be coolant chan­
nels, the flow area per channel is 2.775 in.2. This results in a velo­
city of 33,200 ft/hr. With an equivalent diameter of 1.469 inches, 
the Reynolds number for the channel becomes 6,010. A value of 9*57 
is obtained for the Nusselt number by using the relation given by 
Kreith, and the value for %u(corr) ^®comes 7.22, The heat transfer 
coefficient is found to be 0.943 Btu/hr/ft^/°F. 
A further check on the validity may be obtained by use of other 
correlations such as those of McAdams (31, p. 173} and Jakob (32, 
pp. 529 - 530). McAdams gives the following simplified expression 
for air at ordinary pressures and tenperatures for vertical surfaces: 
h = 0.19 (T2 -
The heat transfer coefficient is found to be 1.62 Btu/hr/ft^/°F. 
Jakob suggests using the following: 
Nnu = 0.129 (Ngr where Ngj. is the Grashof number. 
In this example, Ngp = 4*8 X 10^ and Nnu = 193.5. When the length 
of the channel is used as the characteristic length, the heat transfer 
coefficient is found to be 1.032 Btu/hr/ft^/°F. 
In conclusion it appears that a design value for the convective 
heat transfer coefficient of 1.0 Btu/hr/ftZ/op is a reasonable value. 
Under operating conditions, it may be too low since the flow is near 
if not in the turbulent region. If emergency conditions arise where 
the fans are inoperative and natural convection chimney effect must 
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be relied upon to cool the source rods, the value of 1.0 for h is 
probably quite realistic. Should there be a need for more heat trans­
fer area, it would be a relatively simple matter to increase the number 
of fins on each tube. Because of emergency operation requirements it 
would probably be undesirable to use a large number of longitudinal 
fins or transverse fins. In any event sources much larger than four 
inches in diameter will probably develop high center line tenperatures. 
If temperature becomes a problem, it might be reduced by incorporating 
radial heat paths of relatively good conducting material within the 
calcined source. 
Gamma Ray Heating 
This part of the design calculation is concerned with the energy 
deposited in the shield as the result of attenuation of the photons 
produced in the source material. The total energy deposited in the 
shield has already been determined in effect since the total energy 
release rate of the source is known and the shield thickness was cal­
culated by assuming the permissible energy escape. However, calcula­
tion of the total energy deposited is not the objective, but rather 
the determination of the energy deposited at a particular location 
and the resulting localized maximum tenperature. The limitation on 
the temperature rise for uranium is the temperature at which the alpha 
phase changes to the beta phase. This occurs at 1230 °F (27, pp. 
466 - 469). It may be desirable to use a stabilized alloy of uranium 
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if the temperature rise is too great. In that case, either thermal 
expansion or the melting point temperattire of the alloy could be the 
limitation. 
The geometry of the general design for any size source rod from 
a radius of 0.532 inches to 2.00 inches presents a rather severe con^li-
cation to heat transfer calculations. In general one can visualize 
3 separate regions to be considered. Referring to Figure l6, region A 
consists of source tubes surrounded by coolant channels but no inter­
vening shield material, region B is made of the same source and coolant 
channels but the coolant channels are surrounded by shield material, 
and region C consists of shield material only. The following assump­
tions are made: 
1. Radiation will be attenuated exponentially in regions B 
and C as though B was solid material, 
2. The gamma flux at any point within the shield is a summa­
tion of the exponentials from all sources. 
3. The energy given up in the attenuation process will appear 
as heat with the same distribution (i.e., exponential) since 
the interactions are with electrons and they travel short dis­
tances in a heavy material like uranium, 
4. The exterior of the shield is insulated to prevent the es­
cape of heat to the environment. 
5. The A-B interface is cooled to a maximum temperature of 
300 °F. 
49 
REGION 
REGION B 
• SOURCE 
TUBES 4 
COOLANT 
CHANh/EL 
REGION A 
Figure 16 Heater regions for general gamma ray heating calculations 
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The design which has been used up to.this point,.viz., the source 
rod radius equal to 2.00 inches, allows considerable simplification 
since there are only two areas to be considered and relatively few 
sources. Each source will be treated individually as a volume distri­
buted source. Self shielding will be considered but the effect of the 
source tubes, fins, and shield cladding will be ignored in the calcula­
tions made to determine the energy flim at radial points from the in­
side of the shield to its outer surface. The shielding effect of an 
intervening source rod will also be ignored. All of these factors 
which are to be ignored should be on the conservative side from a safety 
point of view. 
Since prediction of the maximum temperature in the shield and 
approximately where it will occur is of interest, a radial cutting 
plane through the center lines of three of the sources will be consi­
dered (EOF plane of Figure lO). Tlie calculations will be made for the 
horizontal midplane of the heater. The energy per unit volume per 
unit time is calculated from the following expression (27, p. 6l6): 
Qz = BgyKe where 
Qz = mev/cn^/sec 
Bg = energy absorption buildup factor 
/ÀQ = energy absorption coefficient - cm~l 
0e = photon energy flux at the point considered - mev/cm^/sec. 
The values of y/g were obtained by interpolating the data from AHL-5800 
(25, p. 655). Table 15 gives the values for the four energy groups 
considered in this design. 
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Table 15. Energy absorption coefficients 
Photon group Photon energy 
mev •^-1 
I 0.125 78.7 
n 0.67 1.52 
III 1.6 0.63 
IV 2.4 0.605 
The values for the energy flux for the four groups have already 
been calculated for the locations D, E, and F of Figure 10. The first 
step will be to determine 0e values for points along the heater radius 
close to the inside surface. The points to be used, starting from 
the inside of the shield with z = 0, will be 0.0, 0.1, 0.2, 0.5, 
1.0, and the last point, E, at z =6.35 cm. Source material which 
has decayed for a period of three years will be used as before. The 
results of these calculations are shown in Figure 17 and the tabulated 
calculations are given in the Appendix. These results include buildup 
factors as given by ANL-5800 (25, p. 656). 
As was indicated before, the heat transfer calculations can be 
greatly sinçlified by assuming the outside surface of the shield to 
be perfectly insulated. Further sinplifying assumptions are permitted 
because shield temperatures are restricted to values below a specified 
maximum. The heat transfer model will substitute an arbitrary but 
conservative stair step approximation for the energy deposition rate 
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versus thickness curve as shotim on Figure 17 by the dotted line. 
Note that the highest energy deposition rate is fortunately nearest 
the coolant (region A). 
The shield is divided as indicated in Figure 18. The energy is 
transferred by conduction to the inside surface of the shield which 
is assumed to be cooled only by natural convection. The maximum 
temperature at the interface of the shield and its insulation can be 
determined. The following example calculations ivill show the method 
and the results are tabulated in Table l6. The conduction equation for 
a steady state system with an internal source is 
Qg = - k d^ t 
d Z2 
where is the volumetric source strength. The boundary conditions 
are Z = 0, when t = t^ and Z = Z^ when t = t^. The solution is 
QZ^ ti - to QZi 
' -
dt QZ t^ - to QZ 
= — + / + \ 
dZ k ' Z^ 2k 
dt 
q = - k A 
dZ 
dt 
so q/A = - k 
dZ 
10l3U 
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Figure 18, Shield divisions for ganuna ray heating calculations 
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where q is the energy conducted out of a section. The energy conducted 
out of section (O - l) is equal to the heat generated in the section 
under steady state conditions. 
Table 16. Incremental temperature difference data for gamma heating 
calculations (figure 18) 
Section 
mev/cm^sec 
Qz 
Btu/hr/ft3 
AZ 
cm 
AZ 
in. 
At 
OF 
q/A 
Btu/hr/ft2 
0 - 1  1.55 7.9 3.110 0.004 0.40 
1 - 2  3X108 4.65 1.0 0.394 0.001 0.56 
2 - 3  1X10^ 15.5 1.0 0.394 0.002 1.06 
3 - 4  5X1O9 77.5 1.0 0.394 0.005 3.60 
4 - 5  ixioio 155.0 0.5 0.197 0.006 6.14 
5 - 6  2X1010 310 0.5 0.197 0.010 11.22 
6 - 7  5XI0IO 775 0.5 0.197 0.020 23.92 
7 - 8  ixio^i 1550 0.5 0.197 0.043 49.32 
8 - 9  4X10^2 62000 0.5 0.197 0.584 1067 
Total T «= 0.675 
q^/A 
q^/A 
= Q 2% -
= % 
(ti - to) _k_ • 
Z 
- qzi 
2 
and 
so 
to - tn = QZi^ 
2k 
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The heat conducted out of section (l - 2) is equal to the heat conducted 
into the section from the adjacent one plus the heat generated within 
the section under steady state conditions. Applying the new boundary 
conditions, the resulting expression is 
ti - tg 
2^ , ,1 22 - Z;L 
Q]_Z]L * Qg (^2 ~ - ^ 2^2 ____ (^2 + 
and by analogy 
Qq 1 Z^ — Z 
^2 - y Q^ z^  + 02(^ 2 - Zj^ ) + - Z2) - ^ z^ + (z^ + Zg^ 
— 2 -J 
% „ n1 ^3 • ^2 [qg + %(% - Zj) - CÎ3Z3 (z^ f Zg)j 
In general 
r / ^+1 1 ^i+l ~ 2 
ti - "ti+i = ki + Qi+l(Zi+i - Zi) - Qi+iZi+i • (Zj^+i + Zi) 
L 2 -I k 
where 1^ i^ 9. By using the convection equation 
= hA (tg - tg) 
and combining all expressions for temperature differences, the result is 
(to - ti) + (ti - t2) + + (tg - tg) = to - tg , 
If the convective heat transfer coefficient is 1.0 Btu/hr/ft^/op, 
t? - tg « 1067 OF and to - tg IO68 of. 
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If the temperature within region A is 300 oF the temperature of the 
outside surface of the shield is found to be 136? of. For normal 
operation the value of h = 1.0 is conservative for the space outside 
of the tubes. If the space becomes small (as it does in places) the 
natural convection currents will be suppressed and heat will be trans­
ferred by conduction. The temperature difference between the surface 
and the enclosed air for that case can be estimated by evaluating 
VA = 2' 
X 
where is the thermal conductivity of air at tençerature, tg, and 
X is the thickness of the air space. 
kx «= 0.0304 Btu/hr/ft/°F at 300 °F (31, p. 457). 
If X is 0.25 inches t^ - tg = 730 °F, on the other hand if x is 0.5 
inches the tençerature difference is I46O °F« 
The actual mechanism is probably a combination of convection and 
conduction and calculation is complicated by the irregular shapes 
between the cylinders. However, the melting point of the shield should 
not be exceeded and possibly not even the transition temperature of 
1230 °F. 
In conclusion it appears that gamma heating deep within the shield 
will not be a great problem. It is likely that no special coolant 
channels for the shield will be necessary. If a design is selected 
wherein some or all of the source rods pierce the shield these will 
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provide sufficient cooling for the shield. Should cooling of the shield 
surface be desirable it will be a relatively easy matter to provide 
region A with a small coolant flow. This air would be mixed with that 
going through the regular coolant channels. 
I 
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SAFETY 
Throughout the life of a device such as this fission product 
heater the overriding point of concern is for the safety of the per­
sonnel, The greatest hazards probably exist during fabrication of 
the source rods and transportation of the heater to the site where 
it is to be used. Once in place, routine maintenance will be slight 
and consist primarily of checking the warning devices. Of course 
there is the possibility of a loss of power for the cooling fans or 
a blocked passageway. The possibility of a fire or other catastrophe 
cannot be overlooked either. 
The first of these areas, fabrication, is presently being accom­
plished at several Atomic Energy Commission installations where mega-
curie sources are regularly handled safely. The fact that this tech­
nology exists was the motivation for choosing cylindrical source rods. 
The greatest potential hazard is expected to exist during trans­
portation. Considerable care will be necessary during shipment to 
prevent an accident leading to large dose exposures of personnel in 
the area. The shield design was based on the limiting requirement 
of the Interstate Commerce Commission of 200 mr/hr at any accessible 
surface. If the shield is of sufficient thickness to satisfy the re­
quirements and is further built to maintain its integrity in a col­
lision or fire it will probably be a good transportation cask. If 
drop testing and fire testing prove that too much special construction 
is necessary, it may be desirable to construct a special frame to sup­
port the shield and sources during transportation. 
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In the case of a reusable shipping frame, there would be a number 
of advantages which mi^t outwei^ or cancel the additional cost and 
inconvenience of the frame. Once the source rods are in place they 
should be provided with a continuous supply of coolant. Making the 
fan an integral part of the heater design (in the case of no frame) 
will make the fan more costly and make maintenance of it more difficult 
once the heater is assembled and in place. If the fan was a part of 
the frame, the size and specifications could be fit to the space and 
power supply available on the carrier (rail, aircraft, etc.). The 
site of the installation could be provided with its fan installation 
independent of the frame and in such a location that routine fan main­
tenance could be easily done without radiation hazard. Another ad­
vantage to be gained by using a shipping frame is a decrease in the 
cost of the shield at the installation. This results from arrangements 
to eliminate the bottom end slab and use the earth or concrete. 
If maximum protability is to be maintained, it is necessary that 
the shield and fan be integral and designed to withstand any conceivable 
fire or collision. Cladding the shield with stainless steel will 
probably give sufficient high temperature strength to keep the uranium 
shield in place during a fire. In any event a full scale mock-up 
with simulated source material in place will be required for collision 
and fire testing. 
Under normal operation the only requirements for safe operation 
are those assuring that the monitoring and safety devices are working 
properly and that the waste heat is being disposed. Continuous 
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monitoring of the coolant stream for the presence of radioactive fis­
sion products will be desirable if not required» These monitors could 
be used to actuate warnings and divert the coolant flow through filters 
and vents. In addition a program of leak testing and periodic inspec­
tion of the source elements may be desirable. The requirement of 
25,000 Btu/hr as a minimum at the end of a 30 - year period means 
there will be excess energy which must be used or dumped. At the be­
ginning of the 30 - year period the heater will produce about 100,000 
Btu/hr or four times the requirement. There will undoubtedly be times 
when the heat supply will not be needed or at least it will be desirable 
to "shut it off". To accomplish this kind of control will require 
a system which can divert the coolant stream and dump the energy to 
a sink such as the atmosphere. The arrangement which permits dumping 
the energy probably would be incorporated in provisions for the emer­
gency operation. 
There are two possible situations to be considered when emergency 
conditions exist. 
1. Operation when the fan is inoperative but where natural 
circulation is available to cool the heater. 
2. Operation with no coolant flow (blocked duct work). 
The first situation mi^t arise as the result of a power failure or 
mechanical failure of the fan. It would be desirable to have a stack 
through which waste heat could be dumped and which will create a draft 
across the heater to aid in the flow of air. It might also be desir­
able to have a damper system arranged to decrease the flow resistance 
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of the system should the fan cease operation. Reference (33> P» 1120) 
gives 
for determining the velocity head of a stack where 
Hy is the velocity head in inches of water 
P is the atmospheric pressure in psia 
H is the height of the stack in feet 
is the absolute air inlet tenperature to the heater 
is the absolute air outlet temperature from the stack. 
If the stack height is assumed to be 15 feet, the inlet tenperature 
70 °F, and the outlet tenperature is limited to 300 °F, is 0.0625 
inches of water. This value can be used to calculate the velocity, 
V, that is theoretically possible. 
This is nearly twice the previously calculated value necessary to pro­
vide the proper coolant flow for operation. This calculation ignores 
the pressure drop in the free circulation loop. However, if the velo­
city head is only 0.02 inches of water (allowing 2/3 of the head for 
pressure drop in the system) the velocity is 34,000 feet per hour and 
still above that required. It is unlikely that simply shutting off 
the fan would result in any overheating of the source rods or the shield. 
1 1 
V = 1021 feet per minute or 
61,260 feet per hour. 
63 
In the case of a fire it is possible that the tenperature entering 
the heater would be much higher for a short time. By carefully loca­
ting the heater and ducts the normal circulation should be restored 
upon cooling down. 
In a situation such as a fire it is possible that the duct work 
to the heater or from the heater could become blocked. If a 700 °F 
temperature rise above normal operation is assumed to be acceptable, 
the uranium shield will be near its melting point provided it is 
perfectly insulated as assumed in the gamma heating calculations. 
The melting point of the stainless steel or hastelloy will probably 
not be reached however. It will be further assumed that there is no 
heat transfer away from the heater. The rate of rise of the tençjera-
ture can be estimated by making the further assumption that the speci­
fic heats of the materials remain relatively constant with temperature. 
q = W CpAt 
where q is the rate at which energy is added to a mass, W, which has 
a constant pressure specific heat, Cp^ The resulting rise is At. 
Rewriting the equation 
dt = dq or dt = _ dq . 
When the source is new the energy output is about 30 kw. The weights 
of the various components of the heater can be estimated from the 
previous design calculations and references (23) and (22) provide 
the specific heats as given in Table 17. 
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Table 17. Estimated weights and specific heat of heater components 
Component Wei^t Specific heat Btu/lb/^F 
lb 212 °F 440 °F 1162 "F 
Shield - U 18,600 0.0577 0.0843 
Shield clad stain­ 315 0.12 
less steel 
Source - oxides 265 0.2 (estimated for oxides) 
Source cladding 319 0.166 
hastelloy C 
The sum of the product of the weights and specific heats indicates 
the temperature rise per hour to be about 63 °F/hr. In other words 
about 11 hours are available to remove the obstruction and at least 
restore natural convection if not forced convection. The heat trans-
fered to the surroundings has been ignored as well as the heating 
of the small amount of other structure within the heater. 
In conclusion it appears that the only way the shield will be 
lost in a short time is by mechanically tearing it off or exposing 
the cladding and shield to a heat source sufficiently great to cause 
it to melt. 
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COST ANALYSIS AND ECONOMICS 
By present day prices and standards this will be an expensive 
source of heat. The question of whether or not it is economical is 
dependent on many variables, and can be answered only when the locality 
and conditions of the installation are known, . Situations which have 
high reliability, portability, long life, and low logistics needs 
may well find the heater economical. An approximation of the original 
cost at present day prices will, be made and some alternatives which 
could greatly affect costs will be discussed. 
The source material exists as a by-product of nuclear reactor 
operation and should be relatively inexpensive. However, the cost 
of putting these wastes into vessels as calcined oxides is significant. 
Reference (lO, p. 31) gives costs based on engineering studies for 
various feed materials (Purex, Thorex, etc,). These costs include the 
operation of the calcination plant, the capital investments and cal­
cination vessels for preparing waste for storage, A typical number 
is 0,05 mills per electrical kilowatt hour produced by the reactor 
fuel which was reprocessed. The source for the fission-product heater 
requires 4,34 tonnes of uranium with a thermal burnup of 10,000 Mw 
days/tonne. The cost of getting the source material ready to use in 
the heater would be about $130,000 assuming the efficiency is 40#. 
Most of this cost is borne by the power reactor owners. It seems rea­
sonable to expect some of this cost to be charged against the fission 
product users. 
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The major item in the cost of the heater is that of the shield. 
In the interests of maximum portability, small space, and low weight, 
uranium was chosen as the shield. It will weigh about 9*3 tons. If 
the cost of casting, machining, and cladding the uranium is assumed 
to be $5.00 per pound, (the National Lead Co. quotes depleted uranium 
in the form of sheets, castings, or machined parts costing from $5.00 
to $30.00 per pound) the shield cost approaches #95,000. 
There are a number of costs of the installation which will be 
about the same regardless of the material used as a shield. The radio­
activity monitoring and warning devices, fans, filter, ductwork, and 
dangers will be required in any design. The specifications of these 
pieces of the heating system will likely be more exacting than normal 
and will incorporate safety features such as fan actuated dangers. 
It is also likely that these items will form a relatively small portion 
of the total cost of the heater. 
The approximate total cost of the installed heater will be $153,400 
broken down as follows 
1. Source, source processing, and source vessels $50,000 
• 2. Uranium shielding 95,000 
3. I'lonitoring and warning devices 3,500 
4. Transportation charges (1500 miles) at $12.00 2,400 
per 100 pounds 
5. Miscellaneous equipment (ducts, fans, filters, 1,500 
dampers) 
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6. Foundation and concrete shielding 500 
7. Loading, unloading, and installation 500 
Total $153,400 
Reference (34) gives projected costs for developmental isotopic 
and nuclear power. The power cost of systems such as SNAP 7a and 7c 
is about $200.00 per Kw hour. These devices produce about 10 watts. 
The mobile nuclear reactors such as the ML-1 produce 40 Kw at a cost 
of about $0.20 per Kw hour. The prediction for devices in the 7.5 Kw 
range is $2.00 to $3.00 per Kw hour. The reference goes on to say 
(as others frequently do) that isotopic power sources do not appear 
conç»etitive. This may be true, especially for electrical generation, 
however, as a heat source this design could be below the predicted 
values. If it is assumed that all of the energy above the design out­
put is wasted and the fission-product heater can be installed for the 
estimated $153,400, the following calculation can be made 
Power generation = (7.5 Kw) (30 yr) (24 hr/day)(365 day/yr) 
This cost is too high to be conpetitive in the U.S. for heating pur­
poses but it may be very much in competition in remote areas or space. 
The calculated value will be decreased if the excess energy is not 
wasted during the heater's life. 
= 1.97 X 10^ Kw hr 
Cost per Kw hr = $1.5 X loVl.97 X 10^ Kw hr 
= $0.078/Kw hr. 
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A number of materials could be used for the shield from a biolo­
gical point of view if space, portability, and weight are not vital. 
However, the recovery of the energy given up in the shield by photons 
becomes more difficult as the shield gets larger.. For comparison pur­
poses, consider the cost of an equivalent cast iron shield. The iron 
shield will be considerably larger and weigh more since buildup fac­
tors are higher for lighter materials. Reference to some recent cal­
culations by Rohach* shows that the equivalent iron shield would have 
to be 2,7 times as thick as a uranium shield for a 20,000 curie Co - 60 
source. This results in an iron shield weight of 18 tons. If the 
cost is assumed to be $0.20 per pound, the iron shield would be approxi­
mately #7,200. This factor of 13.5 in cost savings may be offset by 
the increased size and wei^t of the shield for certain applications. 
The overall dimensions of the shield would be 48.6 inches outside di­
ameter and 76.5 inches in height. The iron shield has another advantage, 
however, in that the requirement of cladding is diminished if hot eli­
minated, An iron shield might be a good choice for a shipping cask. 
Partial fueling of the heater could result in a savings over the 
life of the heater. The design output of the heater is 25,000 Btu/hr, 
however, at the beginning of its operation it produces nearly 100,000 
Btu/hr. If one half or one third of the source material was put in 
place and the remainder added as time went on, there would be a slightly 
thinner shield required. This saving would not be great and could 
^Rohach, A. F., Nuclear Engineering Department, I.S.U,, Ames, 
Iowa, Data from composite U, Fe, and concrete shield calculations. 
Private communication. 1966. 
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easily be overshadowed by the increased transportation cost. Reference 
to the calculations on isotropic point sources (26) shows that a 
decrease in source strength from 50 Mc to 5 Mc changes the shield 
thickness from 16.80 cm of uranium for 1,0 nev photons to 15.33 cm. 
A further decrease to 0.5 Mc only decreases the thickness to 13.79 cm. 
Unseparated fission products represent a rapidly enlarging source 
of energy which can be used. Because of improved waste processing 
technology the cost of using that energy is not prohibitive. The 
unique properties of long life with little maintenance make the fis­
sion-product heater a good prospect for an economical remote area heat 
source. 
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SUI#IARY 
The fission-product heater is designed to make use of the energy-
given off by unseparated, radioactive, nuclear reactor fuel wastes 
which have been calcined. The energy is to be used to heat air to 
a maximum temperature of 300 °F. The heater is to produce a minimum 
of 25,000 Btu/hr over a design lifetime of 30 years. 
Until the last two or three years, gross fission products have 
been regarded as unsuitable for power sources because of their low 
power densities. However, the outlook for making use of these by­
products is promising, especially since the technology of calcination 
is rapidly being developed. With a specific activity of 180,000 curies 
per pound and a density of 2.4 grams per cm^ a 47.7 I'k source weighing 
265 pounds is sufficiently large to provide the energy requirement 
for this design. The heat transfer character of the source material 
is such that a diameter of four inches is about the maximum that can 
be tolerated and not exceed the melting point at the center of the 
source. The final configuration for the source material was chosen 
as seven 4 - inch diameter tubes, three feet in length. Each tube 
has six external, longitudinal fins and is positioned by inserting 
it in a coolant channel. The channels are arranged in a close-packed 
hexagonal array. 
If the fission products are permitted to decay for at least two 
years, the radiation is approximately 90^ beta emission. A clad uranium 
shield of 5«3 inches and weighing 9*3 tons is required to reduce the 
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surface dose rate to 200 lar/hr. Uranium was selected as the shield 
material in the interests of low weight, small size and maximum por­
tability. The heat transfer characteristics of the shield are such 
that gamma heating will not pose a problem. 
The potential hazard of this source is great if the shield is 
destroyed. Loss of coolant flow will not present a serious threat 
if a stack 15 feet in height is provided and flow actuated dampers 
decrease the system pressure loss. Enough heat transfer area is pro­
vided to permit sufficient cooling by natural convection. In case of 
a blocked coolant flow an 11 - hour period is required to heat the 
device to near the melting point of the shield. 
It is estimated that the initial cost of producing energy at 
relatively low temperature levels by means of the fission-product 
heater is about $0.08 per Kw hr. A device such as this would be suit­
able for applications such as space heating and distilling water. 
Considerable reduction in cost could be made by selecting lighter 
metallic shields and sacrificing space and weight. 
There are a number of areas vAiich need to be investigated by 
experiment before such a device is built. Data are lacking for the 
source material and for the shielding of large sources. Experimental 
verification of the shielding calculations for very large sources is 
also needed. Verification is also needed for the heat transfer cor­
relations. 
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APPENDIX 
Calculations and Tabulated Results for Biological Shielding 
The calculations summarized herein were done for each of the 
seven source tubes shown in figure 10 and for three shield thicknesses 
(points D, E, and F), The photon spectiw was assumed to exist as 
four distinct energy groups. Figure 19 gives the arrangement for which 
the calculation was made. Values of the distance from the point under 
consideration to the source and the shield thickness were measured 
from the scale drawing of Figure 10. Reference (24) was used to 
evaluate the secant integrals and to determine the source self-absorp­
tion distances. The energy flux was calculated from the following 
relation; 
r is the source radius in cm 
z is the distance from the point under consideration to the source 
in cm 
tg is the source self absorption distance in cm 
t is the shield thickness in cm 
yUz is the attenuation coefficient for the source in 1/cm 
/À is the attenuation coefficient for the shield in l/cm 
where 
Sy is the source strength in mev/cm3/sec 
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F -y/ tç) is the secant integral 
The results of these calculations are tabulated in Table 18. 
source 
mev/cn^/sec 
shield 
figure 19• Source and shield arrangement for shielding calculations. 
Table 18. Tabulated results for Figure 10 
Source Photon z t tg 0 
group & 
energy cm cm cm degrees 
Point E - 2.5-inch shield 
0 1-0.125 26.9 6.35 3.3 30.5 
11-0.67 26.9 6.35 3.58 30.5 
ni-1.6 26.9 6.35 4.41 30.5 
IV-2.4 26.9 6.35 4.29 30.5 
1 1-0.125 9.77 6.35 3.71 , 12.1 
II-0.67 9.77 6.35 4.42 12.1 
III-1.6 9.77 6.35 4.62 12.1 
IV-2.4 9.77 6.35 4.65 12.1 
2 & 6 1-0.125 22.75 8.0 3.6 26.5 
11-0.67 22.75 8.0 3.94 26.5 
III-1.6 22.75 8.0 4.26 26.5 
IV-2.4 22.75 8.0 4.45 , 26.5 
3 & 5 1-0.125 38 6.98 2.59 39.7 
II-0.67 38 6.98 3.71 39.7 
111-1.6 38 6.98 3.35 39.7 
IV-2.4 38 6.98 3.57 39.7 
4 1-0.125 44 6.35 2.27 43.9 
II-0.67 44 6.35 3.55 43.9 
III-1.6 44 6.35 3.17 43.9 
IV-2.4 44 6.35 3.1 43.9 
mev 
z + tc 0e 
mev 
. cra^sec cm cm'^sec 
9.88X1O9 
7.72X1(^0 
7.54X1O9 
4.21X109 
30.2 
30.5 
31.3 
31.2 
<10-10 
1.2X10-® 
2.1X10-4 
2.27X10-3 
0.42 
3.92X10? 
6.52X10^ 
2.27x106 
9.88X1O9 
7.72X1010 
7.540-09 
4.21X109 
13.4 
14.1 
14.3 
14.3 
<10-10 
6.55X10-9 
1.8X10-4 
6.5X10-4 
0.952 
4.59X1O3 
1.224X10° 
2.47x10^ 
9.88X10^^ 
7.72X10^0 
7.54XL09 
4.210.09 
26.3 
26.6 
27.0 
27.15 
<10-10 
1.6X10-10 
10-6 
40.0-6 
0.485 
5.98 ^ 
3.6X1O3 
8.01X103 
9.88X1O9 
7.72X10l0 
7.54X109 
4.21X10^ 
40.59 
41.7 
41.35 
41.57 
<10-10 
2.3X10-9 
1.95X10-4 
9.4X10-4 
0.314 
5.49x10^ 
4.69X1O5 
12.25x10: 
9.88X1O9 
7.72X10l0 
7.540.09 
4.21X109 
46.27 
47.55 
47.17 
47.1 
<10-10 
1.25X10-8 
4.5X10-4 
1.7X10-3 
0.276 
2.62x102 
9.28X10^ 
1.96X10° 
0total 1.12X10? mev/cm^/sec 
Table 18 (Continued) 
Source Photon z t t^ G 
group & 
energy cm cm cm degrees 
Point E - 5-inch shield 
0 1-0.125 33.1 12.7 2.89 36 
II-O.67 33.1 12.7 3.43 36 
ni-1.6 33.1 12.7 3.78 36 
17-2.4 33.1 12.7 4.31 36 
1 1-0.125 16.12 12.7 3.55 19.5 
II-O.67 16.12 12.7 4.11 19.5 
ni-1.6 16.3J2 12.7 4.63 19.5 
IV-2.4 16.12 12.7 4.71 19.5 
2 & 7 1-0.125 28.2 15.5 3.52 31.6 
II-O.67 28.2 15.5 3.86 31.6 
III-1.6 28.2 15.5 4.38 31.6 
IV-2.4 28.2 15.5 4.68 31.6 
3 & 6 1-0.125 43.9 13.6 2.27 43.8 
II-O.67 43.9 13.6 3.23 43.8 
111-1.6 43.9 13.6 3.04 43.8 
17-2.4 43.9 13.6 3.23 43.8 
4 1-0.125 50.2 12.7 2.84 47.7 
II-O.67 50.2 12.7 2.41 47.7 
III-1.6 50.2 12.7 2.32 47.7 
IV-2.4 50.2 12.7 2.38 47.7 
z + tj, F(0jiyMt) 0g 
mev mev 
cnv^sec cm cï?sëc 
9.88X1O9 
7.72X1010 
7.54X109 
4.21X1O9 
9.88X1O9 
7.72X1(^0 
7.54X1O9 
4.21X10^ 
9.88X1O9 
7.72X1010 
7.54X1O9 
4.21X1O9 
9.88X1O9 
7.72X1(^0 
7.54X1O9 
4.21X10^ 
9.88X10^ 
7.72X1010 
7.54X109 
4.2]%L0^ 
35.99 
36.53 
36.88 
37.41 
19.67 
20.23 
20.75 
20.83 
31.72. 
32^,06 
32.58 
32.88 
46.17 
47.13 
46.94 
47.13 
53.04 
52.61 
52.52 
52.58 
<10-10 
<10-10 
4.4X10-7 
5.3X10"° 
<10-10 
<10-10 
2.8X10"; 
4.1X10"^ 
<10-10 
<10-10 
2.1X10-3 
4.6X10-7 
<10-10 
<10-10 
2X10-7 , 
2.8X10 
<10-10 
<10-10 
5.5X10-7 
7X10-6 
3.55X10-1 
2.73 _ 
1.16X1(X 
7.67X10^ 
6.48X10-1 
4.91 
1.31X103 
1.07X104 
4.02X10-1 
3.11 
6.26X10 
7.6X102 
2.765X10-1 
2.11 _ 
4.15X10f 
3.22X10^ 
2.405X10-1 
1.89 _ 
1.018X103 
7.22X103 
0. total 3.46X1o4 raev/cm2/sec 
Table 18 (Continued) 
Source Photon 
group & 
z t to e Sy 
mev 
z + t(. F(0,^t) 0e 
mev 
energy cm cm cm degrees cm^sec cm cm^seo 
Point F - 7.5-inch shield 
0 1-0.125 
II-0.67 
III-1.6 
IV-2.4 
39.6 
39.6 
39.6 
39.6 
19.05 
19.05 
19.05 
19.05 
2.67 
3.61 
3.24 
3.26 
41 
41 
41 
41 
9.88X1O9 
7.72XI0IO 
7.54X10^ 
4.21X109 
41.27 
43.21 
42.84 
42.86 
<10-10 
<10-10 
6.5X10-10 
2.8X10-3 
3.09x10-1 
2.31 
1.475 
35.5 
1 1-0.125 
II-0.67 
III-1.6 
iy-2.4 
22.45 
22.45 
22.45 
22.45 
19.05 
19.05 
19.05 
19.05 
3.71 
3.98 
4.45 
4.61 
26.3 
26.3 
26.3 
26.3 
9.88X1O9 
7.72X1(^0 
7.54XLO9 
4.21X1O9 
26.16 
26.43 
26.9 
27.06 
<10-10 
<10-10 
5.5X10-10 
2.5X10-3 
4.88X10-1 
3.765 
1.99 
50.2 
2 & 6 1-0.125 
II-0.67 
III-1.6 
IV-2.4 
34 
34 
34 
34 
22.2 
22.2 
22.2 
22.2 
2.9 
3.64 
3.44 
3.83 
36.6 
36.6 
36.6 
36.6 
9.88X10? 
7.72X10-^0 
7.54X10% 
4.2mo^ 
36.9 
37.64 
37.44 
37.83 
<10-10 
<10-10 
<10-10 
1.8X10 9 
3.45x10-1 
2.65 T 
2.6X10-1 
2.59 
3 & 5 1-0.125 
II-0.67 
III-1.6 
IV-2.4 
50.15 
50.15 
50.15 
50.15 
20.45 
20.45 
20.45 
20.45 
2.72 
2.89 
2.32 
2.47 
47.6 
47.6 
47.6 
47.6 
9.88X1O9 
7.72X10^0 
7.54X109 
4.21X1O9 
52.87 
53.04 
52.47 
52.62 
<10-10 
<10-10 
1.7X10 
9.5X10-9 
2.410.0-1 
1.88 
3.15 
9.8 
h 1-0.125 
II-0.67 
III-1.6 
IV-2.4 
57 
57 
57 
57 
19.05 
19.05 
19.05 
19.05 
2.72 
2.89 
2.32 
2.47 
51.2 
51.2 
51.2 
51.2 
9.88X1O9 
7.72XI0IO 
7.54x10% 
4.21X1O9 
59.72 
59.89 
59.32 
59.47 
<10-10 
<10-10 
7.5x10-10 
3.4x10-3 
2.14x10-1 
1.67 
1.23 
31.1 
^otal !• 51X10^ mev/cm^/sec 
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Calculations and Tabulated Results for End Slab Shields 
For these calculations the source materials was assumed to be a 
volume distributed source which occupies the entire central region of the 
heater. The calculation was done for two thicknesses and for four 
photon energy groups as before. Tabulations given in reference (24) 
were used to evaluate the various exponential integrals which appear 
in the equation. The relation used to calculate the energy flux is 
06 
Sv 
%(/tt) - COS 0 ^ 2 (/<t sec 0) - Eg (/<t + //gh) -
2/^c 
cos 0 Eg Hyut + //(jh) sec 0 
where h is the length of the cylindrical source and Eg ( ) is the 
exponential integral» All other symbols are as given in the previous 
appendix or as shown in Figure 20, The results of these calculations 
are given in Table 19 and are plotted in Figure 11. 
2 0 
source 
h shield 
Figure 20. Source and shield arrangement for end slab shield calcu­
lations. 
Table 19. Tabulated results for end slab shields 
Photon group h 
and energy 
mev cm l/cm l/cm 
t 
cm 
8 
degrees 
Sy 
mev 
cm3 sec 
0, 8 
mev 
' ' o 
cm"^ sec 
1-0.125 91.5 0.405 62.4 12.7 63.4 
II-O.67 91.5 0.208 2.55 12.7 63.4 
III-1.6 91.5 0.1295 1.02 12.7 63.4 
IV-2.4 91.5 0.1052 0.831 12.7 63.4 
0e Total 
1-0.125 91.5 0.405 62.4 6.35 75.8 
II-O.67 91.5 0.208 2.55 6.35 75.8 
III-1.6 91.5 0.1295 1.02 6.35 75.8 
IV-2.4 91.5 0.1052 0.831 6.35 75.8 
03 Total 
9.08X109 
7.72X1010 
7.54X109 
4.21X109 
< 0.122 
<1.855, 
4.66X10f 
4.21X10^ 
= 4.68X10^ mev/cm^/ sec 
9.88X1O9 
7.72X1010 
<0.122 
Y Y^AjLU-- <1.855, 
7.54X10% 5.53X10° 
4.21X109 1.42X10° 
= 6.95X10^ mev/cm2/sec 
Calculations and Tabulated Results for Gamma Heating 
The calculations summarized in this appendix were done for each 
of the seven source tubes as shown in Figure 10 and for six different 
depths into the shield from the inside surface. The equation of the 
biological shielding appendix and îlgure 19 apply to this calculation. 
The results for 0.0, 0.1, 0,2, 0,5, and 1.0 cm depth into the 
shield are tabulated in Table 20, The results for 6,35 cm depth is 
included in Table 18, Table 21 gives the tabulated results for figure 17, 
Table 20. Tabulated results for gamma heating calculations 
Source Photon z t t^ 8 z + t^ F(Q,^t) 0Q 
group & mev mev 
, energy cm cm cm degrees cnrsec cm cm'^sec 
Depth into shield is 0.0 cm 
0 1-0.125 20.58 0 
II-0.67 20.58 0 
III-1.6 20.58 0 
IV-2.4 20.58 0 
1 1-0.125 3.43 0 
II-0.67 3.43 0 
III-1.6 3.43 0 
IV-2.4 3.43 0 
2 & 6 1-0.125 16.85 0 
II-0.67 16.85 0 
III-1.6 16.85 0 
IV-2.4 16.85 0 
3 & 5 1-0.125 32.0 0 
II-0.67 32.0 0 
in-1.6 32.0 0 
17-2.4 32.0 0 
4 1-0.125 37.5 0 
II-0.67 37.5 0 
III-1.6 37.5 0 
IV-2.4 37.5 0 
3.5 >50 9.88X1O9 
3.66 50 7.72X1010 
4.17 50 7.54X109 
4.42 50 4.21X10? 
0.42 >50 9.S8X1O9 
0.654 50 7.72X10^ 0 
0.788 50 7.54X10% 
0.323 50 4.21X10^  
3.43 >50 9.88X1O9 
3.86 50 7.72X1010 
4.13 50 7.54X10^  
4.12 50 4.21X1O9 
3.14 >50 9.88X1O9 
3.54 50 7.72X10^  ^
3.62 50 7.54X109 
3.88 50 4.21X1O9 
2.72 >50 9.88X1O9 
3.57 50 7.72X1010 
3.06 50 7.54X1O9 
3.42 50 A. 21X10^  
21.99 
21.34 
21.12 
21.05 
0.19 
0.42 
0.56 
0.65 
i.ixio\ 
1.96X10;!;" 
2.58X109 
1.68X10^ 
3.60 
3.57 
3.53 
3.46 
1.1 
1.15 
1.2 
1.3 
3.9XI0IO 
3.2X1(^ 
3.3X10-^" 
2.04XlcrO 
18.24 
17.65 
17.39 
17.28 
0.185 
0.41 
0.6 
0.71 
1.295x199 
2.32x10^0 
3.36X10^ 
2.235x10^ 
33.27 
32.74 
32.47 
32.41 
0.22 
0.42 
0.58 
0.61 
8.43x10® 
1.28X1010 
1.732X109 
1.022X10^ 
38.6 
38.24 
37.9 
37.86 
0.25 
0.35 
0.54 
0.6 
8.26X10^ 
9.1X1O9 
1.385X109 
8.61X1O9 
0total 5.49x10^1 mev/cm^/sec 
Table 20 (Continued) 
Source Photon z t t^ 0 
group & 
energy cm cm cm degrees 
Depth into shield is 0.1 cm 
0 1-0.125 20.68 0.1 3.68 >50 
II-0.67 20.68 0.1 3.62 50 
III-1.6 20.68 0.1 4.12 50 
17-2.4 20.68 0.1 4.37 50 
1 1-0.125 3.53 0.1 0.518 >50 
II-0.67 3.53 0.1 0.757 50 
III-1.6 3.53 0.1 0.667 50 
IV-2.4 3.53 0.1 0.327 50 
2 & 6 1-0.125 16.9 0.1 3.9 >50 
II-0.67 16.9 0.1 3.75 50 
111-1.6 16.9 0.1 4.05 50 
IV-2.4 16.9 0.1 4.07 50 
3 & 5 1-0.125 32.1 0.1 3.28 >50 
II-O.67 32.1 0.1 3.44 50 
III-1.6 32.1 0.1 3.51 50 
IV-2.4 32.1 0.1 3.76 50 
4 1-0.125 • 37.6 0.1 2.98 >50 
II-O.67 37.6 0.1 3.7 50 
III-1.6 37.6 0.1 3.18 50 
IV-2.4 37.6 0.1 3.55 50 
Sv z + tc F(0,^t) 
mev ir.ev 
cm3sec cm cm^sec 
9.88X1O9 
7.72X1010 
7.5AXL09 
4.2DCL09 
9.88X1O9 
7.72X1010 
7.54X1O9 
4.21XL09 
9.88X1O9 
7.72X1010 
7.54X10% 
4.21X10^ 
9.88X1O9 
7.72X1010 
7.54X109 
4.21XLO9 
9.88X109 
7.72X1010 
7.54X1O9 
4.21X10? 
24.36 
24.30 
24.80 
25.05 
4.05 
4.29 
4.20 
3.86 
20.8 
20.65 
20.95 
20.97 
35.38 
35.54 
35.61 
35.86 
40.58 
41.3 
40.78 
41.15 
1.8X10-4 
0.32 
0.5 
0.6 
6.8X10-4 
0.72 
1.0 
1.4 
1.6X10"^ 
0.3 
0.52 
0.62 
2X10-4 
0.3 
0.46 
0.52 
2.3X10-4 
0.28 
0.48 
0.52 
9.W1O5 
I.3IXIOIO 
1.96X109 
1.3X1O9 
2.14X107 
1.67X10^ 
2.32XIOIO 
1.97X1010 
9.8X1O5 
1.445X1Q10 
2.41X10\ 
1.605X1O9 
7.2X10^ 
8.4X109 
1.255x10^ 
7.86X10® 
7.21X10^ 
6.75X1O9 
1.145X1O9 
6.86X10® 
0total 3.72XI0II mev/cm2/sec 
I 
Table 20 (Continued) 
Source Photon z t tc 
group & 
energy cm cm cm 
Depth into shield is 0.2 cm 
0 1-0.125 20.78 0.2 3.9 
II-O.67 20.78 0.2 3.58 
III-1.6 20.78 0.2 4.12 
IV-2.4 20.78 0.2 4.37 
1 1-0.125 3.63 0.2 0.52 
II-O.67 3.63 0.2 0.664 
III-1.6 3.63 0.2 0.525 
IV—2.4 3.63 0.2 0.323 
2 & 6 1-0.125 16.95 0.2 3.865 
II-O.67 16.95 0.2 4.12 
III-1.6 16.95 0.2 4.42 
IV—2.4 16.95 0.2 4.38 
3 & 5 1-0.125 32.2 0.2 3.28 
II-O.67 32.2 0.2 3.38 
III-1.6 32.2 0.2 5.46 
IV-2.4 32.2 0.2 3.77 
4 1-0.125 37.7 0.2 2.83 
II-O.67 37.7 0.2 3.50 
III-1.6 37.7 0.2 3.01 
IV-2.4 37.7 0.2 3.35 
0 Sy z + tg F(0,^t) 0g 
mev mev 
degrees cm^sec cm cm^sec 
'^62 
62 
62 
62 
>84 
84 
84 
84 
--65.5 
65.5 
65.5 
65.5 
-52 
52 
52 
52 
^48 
48 
48 
48 
9.88X1O9 
7.72X10^ 0 
7.54X109 
4.21X109 
9.88X109 
7.72X10^0 
7.54X109 
4.21X1O9 
9.88X109 
7.72X1010 
7.54X1O9 
4.21X1O9 
9.88X10^ 
7.72X10^0 
7.54X10^ 
4.21X109 
9.88X109 
7.72X10^0 
7.54X109 
4.21X109 
24.68 
24.36 
24.90 
25.15 
2.5x10-7 
0.23 
0.46 
0.51 
1.292X103 
9.42X1O9 
1.8X10% 
1.1X109 
4.15 
4.29 
4.15 
3.95 
10-6 
0.52 
0.9 
1.0 
3.08X10^ 
1.21X10^ 
2.mioio 
1.375X10^0 
20.82 
21.07 
21.37 
21.33 
2.6X10-7 
0.19 
0.44 
0.51 
1.59X1(^ 
8.97X109 
2.0X109 
1.3X1O9 
35.48 
35.58 
37.66 
35.47 
3.2x10-7 
0.25 
0.51 
0.58 
1.15Xl(g 
7.01X109 
1.315X109 
8.75X108 
40.5 
41.2 
40.7 
41.05 
3.9x10-7 
0.21 
0.45 
0.5 
1.23x103 
5.075X109 
1.075X109 
6.6X108 
0total 2.I8IXIOII mev/cm2/sec 
Table 20 (Continued) 
Source Photon z t t^ G 
group & 
energy cm cm cm degrees 
Depth into shield is 0.5 cm 
0 1-0.125 21.08 0.5 3.38 62 
II-O.67 21.08 0.5 3.63 62 
III-1.6 21.08 0.5 4.16 62 
IV-2.4 21.08 0.5 4.27 62 
1 1-0.125 3.93 0.5 0.488 >84 
II-0.67 3.93 0.5 0.605 84 
III-1.6 3.93 0.5 0.405 84 
IV-2.4 3.93 0.5 0.332 84 
2 & 6 1-0.125 17.10 0.5 3.75 65.5 
II-0.67 17.10 0.5 3.75 65.5 
III-1.6 17.10 0.5 4.42 65.5 
IV-2.4 17.10 0.5 4.38 65.5 
3 & 5 1-0.125 32.5 0.5 3.28 52 
II-0.67 32.5 0.5 3.56 52 
III-1.6 32.5 0.5 3.34 52 
IV-2.4 32.5 0.5 3.65 52 
4 1-0.125 38 0.5 2.59 48.4 
II-0.67 38 0.5 3.68 48.4 
III-1.6 38 0.5 3.14 48.4 
IV-2.4 38 0.5 3.39 48.4 
Sy z + tg F(0,^t) 0e 
mev mev 
cn?sec cm cm^sec 
9.88X109 
7.72X1010 
7.5AX1O9 
4.21XL0^ 
9.88X1O9 
7.72X1(40 
7.5AXLO9 
4.21X10^ 
9.Sâxio9 
7.72X10j0 
7.54X1O9 
4.21X10^ 
9.88X10?^ 
7.72XI0JO 
7.54x10% 
4.21X109 
9.88X10? 
7.72x106° 
7.54x107 
4.21X10? 
24.46 
24.71 
25.24 
25.35 
4.42 
4.54 
4.34 
4.26 
20.85 
20.85 
21.52 
21.48 
35.8 
36.1 
35.84 
36.15 
40.59 
41.68 
41.14 
41.3? 
10-10 
9.2x10-2 
2.9x10-1 
3.7x10-1 
10-10 
0.18 
0.56 
0.6 
10-10 
0.09 
0.29 
0.35 
10-10 
0.095 
0.33 
0.38 
10-10 
0.085 
0.32 
0.35 
5.21x10-]-
3.71X109 
1.115X1Q9 
7.93X10^ 
2.88X106 
3.95XI0IO 
1.255x1910 
7.65X10^ 
6.11X10-^ 
4.3X1O9 
1.31x10% 
8.85x10^ 
3.56x10-1 
2.62X109 
8.95x10° 
5.71X10^ 
3.14x10-1 
2.03X109 
7.56X10^ 
4.6X10^ 
0^ total 8.99XI0IO raev/cm2/sec 
Table 20 (Continued) 
Source Photon z t tg 0 z + t^ F(6,/<t) 0^ 
group & mev mev 
energy cm cm cm degrees cnv^sec cm cm^sec 
Depth into shield is 1.0 cm 
0 1-0.125 
11-0.67 
III-1.6 
IV-2.4 
21.58 
21.58 
21.58 
21.58 
1.0 
1.0 
1.0 
1.0 
3.42 
3.73 
4.17 
4.19 
'-^61.3 
61.3 
61.3 
61.3 
9.88X1O9 
7.72X10IO 
7.54X1O9 
4.21X1O9 
25 
25.31 
25.75 
25.77 
1 1-0.125 
II-O.67 
III-1.6 
IV-2.4 
4.43 
4.43 
4.43 
4.43 
1.0 
1.0 
1.0 
1.0 
0.489 
0.606 
0.382 
0.314 
/^83.8 
83.8 
83.8 
83.8 
9.88X10? 
7.72X10-^" 
7.54X1O9 
4.21X109 
4.92 
5.04 
4.81 
4.74 
2 & 6 1-0.125 
11-0.67 
III-1.6 
IV-2.4 
17.65 
17.65 
17.65 
17.65 
1.0 
1.0 
1.0 
1.0 
3.43 
3.8 
4.25 
3.99 
^65.3 
65.3 
65.3 
65.3 
9.88X10? 
7.72X1%0 
7.54x10% 
4.21X109 
21.08 
21.45 
21.90 
21.64 
3 & 5 1-0.125 
II-O.67 
III-1.6 
IV-2.4 
33.0 
33.0 
33.0 
33.0 
1.0 
1.0 
1.0 
1.0 
3.08 
3.29 
3.35 
3.59 
^51.8 
51.8 
51.8 
51.8 
9.88X10? 
7.72X10^° 
7.54X109 
4.21X1O9 
36.08 
36.3 
36.35 
36.59 
4 1-0.125 
II-O.67 
III-1.6 
IV-2.4 
38.5 
38.5 
38.5 
38.5 
1.0 
1.0 
1.0 
1.0 
2.595 
3.685 
3.1 
3.345 
x-48 
48 
48 
48 
9.88X1O9 
7.72XI0IO 
7.54X1O9 
4.21X109 
41.1 
42.2 
41.6 
41.85 
io"io 
2.2X10-2 
1.7X10-1 
2.2X10"! 
10~!0 
4.4X10-2 
2.8X10-1 
3.6X10-1 
10-10 
2X10-2 
1.6X10-1 
2.2X10-1 
10-10 
2.3X10-2 
1.8X10-1 
2.2X10-1 
10-10 
2.1X10-2 
1.8X10-1 
2.2X10-1 
5.1X10-1 
8.66X10° 
6.42X10® 
4.64x10" 
2.59 
.9 8.7x10' 
5.65X10% 
4.13X109 
6.05x10-1 
9.28X10° 
7.11X10? 
5.52x10® 
3.53x10;! 
6.36X10® 
4.82X10® 
3.27X10® 
3.1x10-1 
4.96X10® 
4.2x10% 
2.86X10® 
0total 2.89,5X1010 mev/cm2/sec 
Table 21. Tabulated results for Figure 17 
Photon group Energy flux 
and energy 0g 
mev mev/cnu/sec l/cm 
1-0.125 4.51X10^0 78.7 
II-0.67 4.21X1011 1.52 
III-1.6 4.72X1(^0 0.63 
17-2.4 3.7IXI0IO 0.61 
1-0.125 2.64X10? 78.7 
II-0.67 2.31x10^ 1.52 
III-1.6 3.37x1010 0.63 
17-2.4 2.65X10^0 0.61 
1-0.125 3.89X104^ 78.7 
II-0.67 1.67X10^1 1.52 
III-1.6 3.O6XI0IO 0.63 
IV-2.4 2.00XI0I0 0.61 
1-0.125 5.65 78.7 
II-0.67 5.9XI0IO 1.52 
III-1.6 1.88X101° 0.63 
IV-2.4 I.I8XI0IO 0.61 
Energy Depth into Energy 
buildup shield deposited 
factor cm mev/cm^/sec 
1.00 0.0 3.55X10^ 2 
1.00 0.0 6.4oxio-'-i 
1.00 0.0 2.97X10I0 
1.00 0.0 2.25X10^0 
Total energy deposited = 4.24X10^2 mev/cn^/sec 
2.60X1O9 
4.39x10^ 
2.66X1(^ 5 
1.25 
1.25 
1.25 
1.25 
0.1 
0.1 
0.1 
0.1 2.01X10 10 
Total energy deposited = 4.89X10^ meT/cm3/sec 
1.50 0.2 4.60x106 
1.25 0.2 3.17x10^ 
1.25 0.2 2.41X1(^0 
1.25 . 0.2 I.5IXIOIO 
Total energy deposited = 3.56X10^ mev/cn^/sec 
1.50 0.5 6.67X1o2 
1.50 0.5 1.34X1(^ 
1.50 0.5 1.48X10&0 
1.50 0.5 8.92X10? 
Total energy deposited = 1.58X10^ mev/cin^/sec 
Table 21 (Continued) 
Photon group Energy flux Energy Depth into Energy 
and energy 0- buildup shield deposited 
mev raev/cm3/sec l/cm factor cm mev/cin3/sec 
1-0.125 
II-0.67 
III-1.6 
IV-2.4 
5.33 TO 
1.32X1(^0 
9.09X10% 
6.64x10^ 
78.7 
1.52 
0.63 
0.61 
1.75 
1.32 
1.32 
1.0 
1.0 
1.0 
1.0 
4.20x102 
3.51X1(^0 
7.56X1O9 
5.30X1O9 
Total energy deposited = 4.80X10^0 mev/cm3/sec 
1-0.125 
II-0.67 
III-1.6 
IV-2.4 
3.25 ^ 
5.3X103 
3.74x10° 
9.16X10° 
78.7 
1.52 
0.63 
0.61 
3.5 
3.25 
6.35 
6.35 
6.35 
6.35 
2.56X102 
8.05X103 
8.25x10° 
1.80X10*^ 
Total energy- deposited = 2.63X10? mev/cm3/sec 
